Background: Pancreatic ductal adenocarcinoma (PDAC) has very poor prognosis despite existing multimodal therapies. This study aimed to investigate whether KRAS mutations at codons 12/13 in cell-free DNA (cfDNA) from preoperative and postoperative sera from patients with PDAC can serve as a predictive biomarker for treatment response and outcomes after surgery.
samples (Li et al, 2016) . KRAS mutation status in various patient tissues has been identified as a prognostic biomarker for PDAC outcome (Li et al, 2016) . Liquid biopsy is considered a helpful non-invasive test for early-stage cancer diagnosis and for the assessment of treatment responses to chemotherapy or surgery (Mori et al, 2005; Shinozaki et al, 2007; Schwarzenbach et al, 2011) .
Nucleic acids are released into the blood circulation upon cell apoptosis or necrosis (Earl et al, 2015) . Accordingly, increased cell turnover owing to rapid tumour progression, necrosis, and apoptosis leads to elevated levels of cell-free DNA (cfDNA) (Schwarzenbach et al, 2011) . Liquid biopsy is a minimally invasive technology to reveal molecular biomarkers in the peripheral blood, using mostly circulating tumour (ctDNA) and circulating tumour cells (CTCs) (Mori et al, 2005; Shinozaki et al, 2007; Schwarzenbach et al, 2011) . Liquid biopsy analysis of cfDNA, ctDNA, and CTCs from plasma or serum of cancer patients, including those with PDAC, has been widely used to detect cancer-related mutations, for early detection of disease progression, and/or for monitoring treatment response to chemotherapy (Mori et al, 2005; Shinozaki et al, 2007; Kitago et al, 2009; Earl et al, 2015; Takai et al, 2015; Gao et al, 2016) . For example, Diehl et al (2008) reported that ctDNA is a promising source of biomarkers to follow the therapeutic course in patients with metastatic colorectal cancer, showing that patients who had detectable ctDNA after surgery generally relapsed within 1 year. The frequency of CTC detection in PDAC is generally very low (Allard et al, 2004) , and owing to advances in DNA extraction and PCR technologies, ctDNA is more clinically useful than CTCs (Cabel et al, 2017) . Although several retrospective studies have reported the utility of KRAS mutations in cfDNA from patients with PDAC (Earl et al, 2015; Takai et al, 2015) , it remains unclear whether changes in the KRAS mutation rate between preoperative and postoperative sera can be used as an indicator for treatment responses in PDAC.
Therefore, in this study, we analysed the KRAS mutation status in cfDNA from preoperative and postoperative serum samples to determine whether it can serve as a biomarker to monitor the treatment response of patients with PDAC after curative resection and to predict disease outcome. The mutation status of the primary tumour was determined using FFPE tissue samples.
MATERIALS AND METHODS
Patients. Patients who underwent curative pancreatectomy for PDAC at our institution between January 2013 and July 2016 were retrospectively analysed. All patients were histologically proven to have invasive ductal carcinoma. Patients who had undergone R2 operation and for whom preoperative and postoperative serum samples had not been collected were excluded. Patients with or without KRAS mutations identified in preoperative and postoperative sera were divided into four groups according to the pattern of KRAS mutations. Group 1 included patients with wildtype KRAS (wtKRAS) in both preoperative and postoperative sera (pre À /post À ), Group 2 included patients with wtKRAS in preoperative but mutant KRAS (mtKRAS) in postoperative sera (pre À /post þ ), Group 3 comprised patients with mtKRAS in preoperative but wtKRAS in postoperative sera (pre þ /post À ), and Group 4 included patients with mtKRAS both in preoperative and postoperative sera (pre þ /post þ ). All participants provided written informed consent. The study was approved by the Human Experimentation Committee of our institution and was conducted in accordance with the Helsinki Declaration of 1975. The trial was registered with the University Hospital Medical Information Network (UMIN) Clinical Trials Registry (http://www.umin.ac.jp/ctr/number: UMIN-000014691).
Clinicopathological characteristics. Preoperative clinical variables included age, sex, presence of diabetes mellitus, family history of cancer, treatment with neo-adjuvant chemoradiotherapy (NACRT), and surgical procedure. Postoperative variables included operation time, blood loss, and complications evaluated according to Clavien-Dindo classification. In our institution, some patients diagnosed with T3 or T4 disease according to the Seventh edition of the Union for International Cancer Control (UICC) TNM classification of malignant tumours have been receiving NACRT since 2003 (Fujii-Nishimura et al, 2015 . In addition, perioperative portal vein infusion (PVI) chemotherapy on the day of surgery has been performed since 1984 as a standard treatment to prevent liver metastasis and to improve the survival of patients subjected to potentially curative resection of pancreatic cancer (Takahashi et al, 1999; Aiura et al, 2010) .
The pathologic stage of residual tumours (R) was determined according to the Seventh edition of the UICC TNM classification. R0 resections showed no tumour residues, R1 resections showed microscopically positive margins, and R2 resections still showed some gross tumours. Prognostic pathological features assessed by histology included tumour size, distal bile-duct invasion, duodenal invasion, serosal invasion, retropancreatic tissue invasion, portal vein invasion, arterial invasion, extrapancreatic nerve plexus invasion, invasion of other organs, lymph node metastasis, lymphatic infiltration, venous infiltration, and intrapancreatic nerve infiltration (Kanehara, 2009 ).
Preparation of and DNA extraction from FFPE tissue samples. Resected specimens were immediately fixed in 10% buffered formalin. The fixed specimens were serially sectioned (5-mm thickness) and embedded in paraffin within 1 week using routine methods. The paraffin sections were stained with haematoxylin and eosin. After the slides from each individual patient were reviewed, the main tumour lesion was designated by a surgical pathologist.
Ten-micrometre sections of the primary tumour were cut from each block and placed on glass slides. One section of the main tumour was stained with haematoxylin and eosin for orientation, which was confirmed by a surgical pathologist. Tiny fractions of the main tumour lesions were dissected from the 10-mm sections macroscopically, and fractions from two or three sections were collected in sterile tubes. DNA was extracted and purified from these paraffin sections using the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) (Kitago et al, 2004) .
Serum sample collection. Preoperative serum samples were collected 1 day before operation or on the day of operation. Postoperative serum samples were obtained before discharge from the hospital if patients showed no signs of inflammation, such as fever and elevated levels of inflammatory indicators in laboratory tests. Twelve-millilitre blood samples were collected in Venoject II tubes (Terumo, Tokyo, Japan) and were processed immediately. To separate serum from peripheral blood cells, samples were centrifuged at 1750 g at 21 1C for 10 min, and the serum was stored at À 80 1C.
DNA extraction from serum. cfDNA was extracted from serum using the Plasma/Serum Cell-Free Circulating DNA Purification Midi Kit (Norgen Biotek, Thorold, Ontario, Canada) according to the manufacturer's instructions. This method employs a twocolumn method for the isolation of high-quality, high-purity, and inhibitor-free cfDNA from fresh or frozen plasma/serum samples. Briefly, 1-4 ml of serum was used as an input volume on the first column to extract cfDNA, which was concentrated on the second mini column into a final elution volume of 30 ml. The cfDNA obtained was stored at À 80 1C.
Quantification of genomic DNA in FFPE and serum samples. Gene dosage analysis was conducted by real-time quantitative PCR (qPCR) using the TaqMan RNase P Detection Reagents Kit (Applied Biosystems, Carlsbad, CA, USA). The reaction was carried out in a total volume of 20 ml, including 2 ng of sample DNA, 1 ml of RNase P Detection Reagents (20 Â ) containing primers and probe (Applied Biosystems FAM, dye-labelled with TAMRA quencher), and 8 ml of sterile water. The thermal cycling conditions were as follows: 50 1C for 2 min, 95 1C for 10 min, and 45 cycles of 95 1C for 15 s and 60 1C for 1 min. Each sample was assayed in duplicate in the Viia7 Real-Time PCR System (Applied Biosystems). Healthy male genomic DNA was used as a calibration standard.
Primers and probes for peptide nucleic acid (PNA)-directed PCR clamping. Because cfDNA mtKRAS is present in very small copy numbers and is difficult to identify among thousands of wtKRAS copies, we used the PNA method to inhibit amplification of excess non-target DNA (Taback et al, 2004; Kim et al, 2006) . PNA is a synthetic nucleic acid polymer that binds the wtKRAS allele surrounding codons 12/13 and inhibits the annealing of the reverse primer, thus blocking fragment amplification. PNAdirected PCR clamping is more efficient for detecting KRAS mutations at codons 12/13 than other methods, such as direct sequencing (Taback et al, 2004; Kim et al, 2006; Araki et al, 2010; Han et al, 2016) . DNA was amplified by qPCR using the following primers: KRAS, 5 0 -GGCCTGCTGAAAATGA-3 0 (forward) and 5 0 -AAGGCACTCTTGCCTA-3 0 (reverse). The sequences of the FRET probe and PNA were 5 0 -FAM-AGCTCCAACTACCACAAGTT-TATATTC-BHQ-1-3 0 and 5 0 -TACGCCACCAGCTCC-3 0 , respectively. Genomic DNA (2 ng) was amplified in a 25-ml reaction containing 1 mM of each primer, 1 mM of probe, 1.75 mM of PNA, and 12.5 ml of TaqMan gene expression master mix (Applied Biosystems). PCR was carried out in the Viia7 Real-Time PCR System using the following temperature conditions: 40 cycles at 94 1C for 60 s, 70 1C for 50 s, and 58 1C for 50 s, and a final extension at 72 1C for 60 s. Reactions were also conducted without PNA to amplify wtKRAS and to verify DNA integrity. Each sample was assayed in duplicate with positive and negative controls.
Cell lines. To assess the accuracy and sensitivity of PNA-directed PCR clamping, we analysed four pancreatic cancer cell lines. AsPC-1 and Capan-1 containing mtKRAS and BxPC-3 and Hs 700T containing wtKRAS were obtained from the American Type Culture Collection (Manassas, VA, USA) and were cultured as recommended. PCR was conducted using 0.2 and 2 ng of genomic DNA as a template.
Statistical analysis. Statistical analysis was conducted using IBM SPSS statistics version 23.0 (IBM Japan, Tokyo, Japan). Clinicopathological features were compared between patients with and without KRAS mutations in postoperative sera and between the four groups with different KRAS mutation status in preoperative and postoperative sera. Categorical variables were compared by the chi-square or Fisher exact test and continuous variables were compared by the Mann-Whitney U-test with Bonferroni's correction for multiple comparisons. Correlation between early recurrence (p6 months) and cfDNA KRAS mutation status was analysed using Cohen's kappa statistics. Survival duration was calculated according to the Kaplan-Meier method, and survival curves were compared by the Wilcoxon test. A Cox proportional hazards model was used to determine independent prognostic factors among preoperative and postoperative variables. The stepwise method was used for multivariate analysis.
RESULTS
Validation of the PNA clamp PCR assay. The sensitivity and accuracy of the PNA clamp method for the detection of KRAS mutation have been previously established (Taback et al, 2004; Kim et al, 2006) . To validate the sensitivity of the PNA quantitative realtime PCR assay in our current study, AsPC-1 DNA was mixed with Hs 700T DNA at different ratios: 1:10, 1:100, and 1:1000, and the PNA clamp PCR assay was carried out using 2 ng of DNA from the each of the mixtures. KRAS mutation could be detected at a mutant-to-wild-type DNA ratio of 1:1000. To assay the accuracy, sequence analysis was conducted for 10 primary tumours found to be either KRAS-positive (n ¼ 7) or KRAS-negative (n ¼ 3) by PNA clamp PCR. Except for one sample, direct sequencing of the PCR product confirmed the presence or absence of mutation as detected by PNA clamp PCR, and the KRAS mutation status of these samples as determined by PNA clamp PCR was consistent with the results of direct sequencing.
Detection of KRAS mutations in pancreatic cancer cell lines and sera of healthy donors. The results of PNA-directed PCR clamping applied to cancer cell lines and sera of cancer-free donors indicated that a sample could be considered positive for KRAS mutations if the C t number was o35 when 2 ng cfDNA was used.
Patient characteristics and KRAS mutation status. In total, 84 patients underwent curative pancreatectomy in our hospital between January 2013 and July 2016. Thirty-nine patients were excluded because of incomplete preoperative and postoperative serum samples; the remaining 45 patients were enrolled in the study. Clinicopathological characteristics of the 45 patients are presented in Table 1 , and characteristics of patients with wtKRAS and mtKRAS in postoperative serum are shown in Table 2 . KRAS mutations of FFPE were detected in 35 of 42 (83.3%) primary tumours. For three patients, we were unable to determine KRAS mutation status. cfDNA KRAS mutations were detected in 11 (24.4%) preoperative and 20 (44.4%) postoperative samples.
The 45 patients were divided into four groups based on the presence of KRAS mutations in preoperative and postoperative sera: 20 patients (44.4%) were assigned to Group 1 (pre À /post À ), 14 (31.1%) to Group 2 (pre À /post þ ), 5 (11.1%) to Group 3 (pre þ / post À ), and 6 (13.3%) to Group 4 (pre þ /post þ ). Clinicopathological characteristics of patients in the four groups are shown in Table 3 .
Association of KRAS mutations in preoperative and postoperative sera with survival. There were no significant differences in disease-free survival (DFS) and overall survival (OS) between patients with and without KRAS mutations in cfDNA from preoperative serum. However, patients with mtKRAS in postoperative cfDNA showed significantly shorter DFS (P ¼ 0.014; Figure 1A ) and OS (P ¼ 0.044; Figure 1B ) than those with wtKRAS.
Survival curve analysis did not reveal significant differences in DFS ( Figure 2A ) and OS ( Figure 2B ) among the groups. However, pair-wise comparison showed that patients in Group 2 (pre À / post þ ) had significantly shorter DFS than those in Group 1 (pre À / post À ) (P ¼ 0.022; Figure 2C ), although no difference in OS (P ¼ 0.071; Figure 2D ) was observed.
In total, 8 (17.8%) patients had early recurrence (p6 months), and correlation analysis revealed a significant association between early recurrence and KRAS mutations in postoperative cfDNA (k ¼ 0.426; Po0.001). At the same time, positive and negative correlations with early recurrence were detected in Group 1 (pre
Univariate analysis of DFS and OS identified venous, serosal, and retropancreatic tissue invasions as significant prognostic factors for poor DFS, whereas the change from wtKRAS in preoperative serum to mtKRAS in postoperative serum (Group 2, pre À /post þ ) was a prognostic factor for poor OS (Table 4A ). Multivariate analysis revealed that serosal invasion (hazard ratio (HR) ¼ 3.919; 95% confidence interval (CI) ¼ 1.650-9.311; P ¼ 0.002) and KRAS mutations in postoperative cfDNA (post þ ) (HR ¼ 2.919; 95% CI ¼ 1.109-5.612; P ¼ 0.027) were independent prognostic factors for poor DFS, whereas neural infiltration (HR ¼ 0.197; 95% CI ¼ 0.044-0.876; P ¼ 0.033) and Group 2 cfDNA genotype (pre À /post þ ) (HR ¼ 9.419; 95% CI ¼ 2.015-44.036; P ¼ 0.004) were independent prognostic factors for poor OS (Table 4B) .
DISCUSSION
The present study investigated whether KRAS mutations in cfDNA from serum samples taken before and after curative surgery could be a prognostic factor in patients with PDAC. To the best of our knowledge, this study was the first to focus on changes in the KRAS mutation status between cfDNA from preoperative and postoperative sera. As a result, we identified the shift from wtKRAS before curative resection to mtKRAS after resection as an independent biomarker for poor OS in PDAC patients. Moreover, serosal invasion and KRAS mutations in cfDNA from postoperative serum were significant independent prognostic factors for poor DFS, whereas neural infiltration and changes in the KRAS mutation status between preoperative and postoperative serum cfDNA (pre À /post þ ) were significant independent prognostic factors for dismal OS. The presence of KRAS mutations in postoperative cfDNA and a change from mutationnegative to mutation-positive status showed significant positive correlation with early recurrence (p6 months), whereas the consistent mutation-negative state had a significant negative correlation with early recurrence. Thus these parameters are potentially useful predictive biomarkers of early recurrence and effects of therapeutic intervention after surgery. Moreover, in view of adjuvant chemotherapy after surgery, regular monitoring of the KRAS mutation status in postoperative cfDNA may be used to determine whether the regimen should be continued or changed.
The shift from mtKRAS-negative to -positive status in cfDNA after surgery is puzzling. Possible reasons may be tumour manipulation during surgery and/or cell/DNA release from residual or potentially metastatic tumours. This notion is supported by studies showing that manipulations during pancreaticoduodenectomy might contribute to the release of CTCs to the portal circulation (Hirota et al, 2010; Gall et al, 2014) , whereas during distal pancreatectomy with the no-touch technique, cancer cells were not observed in the portal vein (Hirota et al, 2005) . In this study, the incidence of postoperative mtKRAS was higher among patients with distal pancreatectomy than among those with pancreaticoduodenectomy; however, the difference was not significant, suggesting that the emergence of mtKRAS-positive cfDNA may not be due to tumour manipulation during pancreatectomy. According to Diehl et al (2008) , postoperative ctDNA levels in patients with an incomplete resection did not decrease after surgery. Instead, postoperative ctDNA levels in some patients were higher than preoperative levels because the injury to the remaining tumour tissue during surgery caused DNA release. In our study, postoperative mtKRAS was more prevalent than wtKRAS in patients with R1 resection, although the difference was not significant. Another conceivable reason for the appearance of KRAS mutations after surgery may be the presence of potentially metastatic tumours undetected by preoperative imaging that released CTCs and ctDNA. However, the contribution of the above-mentioned factors to the pre À /post þ mtKRAS shift remains unclear, and further genetic and biochemical studies are required to disclose mechanisms underlying changes in the cfDNA profile after curative resection.
Because the half-lives of cfDNA and ctDNA after surgery are quite short (Lo et al, 1999; Diehl et al, 2008) , the reverse change, that is, from mtKRAS to wtKRAS, may be an indication of a positive outcome. Although the follow-up period in the pre þ / post À group was shorter than that in the other groups, the prognosis was better. On the other hand, the presence of KRAS mutations in both preoperative and postoperative cfDNA may indicate a lack of clinical response to surgery and chemotherapy, such as NACRT or perioperative PVI.
Our study had several limitations. First, we conducted a retrospective analysis using a small number of patients from a single institution. Second, for some NACRT-treated patients, blood samples had not been collected before NACRT, and it was unclear whether NACRT had an effect on KRAS mutations in cfDNA. Prospective studies are needed to confirm our preliminary findings and to evaluate the association between changes in the mtKRAS status in cfDNA in PDAC patients and both short-and long-term responses to treatment, including chemotherapy (NACRT, PVI, and adjuvant chemotherapy) after surgery.
In conclusion, this pilot study showed that changes in the KRAS mutation status of cfDNA might have potential clinical utility as a biomarker for monitoring treatment response and predicting survival and early recurrence (p6 months) in PDAC. Such an Table 3 . Clinicopathological characteristics of patients in the four groups 
